Municipal sewage sludge from rural sewage treatment plants is characterized by a substantial content of organic matter and macronutrients, which can be used in cultivation of cereals. In a farm located in the commune of Iwanowice in the south of Poland (Malopolska province), municipal sewage sludge was applied under spring wheat cultivation. The experiment was set up on heavy soil with slightly acid reaction and medium content of available forms of P, K, Mg. Application of sewage sludge in a dose of 23 Mg fresh matter per hectare (4.21 Mg d.m.) led to no significant changes in chemical properties of the soil. Application of sewage sludge significantly increased yield of spring wheat. That increase led to a significant decrease in the content of N, P, K, Na, Mg and Ca in spring wheat. Utilization of N, Mg, K, P and Ca from sewage sludge by spring wheat was at a level of 82, 63, 44, 36, 9 %, respectively, of the amount introduced with the waste. Application of municipal sewage sludge significantly decreased the value of Ca : P ratio in spring wheat grain and straw. The sewage sludge did not cause a significant change in the values of Ca : Mg, K : Na, K : (Ca+Mg), K : Mg and K : Ca ratios in spring wheat grain and straw. Municipal sewage sludge can be used environmentally, including for fertilization of cereals, provided that environmental standards are kept.
Introduction
Municipal sewage sludge should be treated as a raw material with a certain fertilizer or energy value. Environmental use of this waste is an ecologically and economically justified method of processing it [1, 2] . This waste is a potential source of organic matter, nutrients, which are used in land reclamation for agricultural purposes [3, 4] . Organic waste, including sewage sludge, is also used in cultivation of energy crops [5, 6] . Application of large doses of municipal sewage sludge, burdened with heavy metals, may cause chemical contamination of soils [7, 8] . On soils contaminated with heavy metals coming from large doses of sewage sludge, it is recommended to use energy crops for phytoextraction of these contaminants [9] . Cereals can also be used for phytoextraction (phytoremediation) of chemical contaminants from organic waste, composts [10] .
Owing to a high content of organic matter and a high calorific value, municipal sewage sludge can be intended to be used also for energy purposes [11, 12] . Municipal sewage sludge is also a potential source of macronutrients and microelements which can be used in production of composts intended to be used for fertilization of plants [7, 13, 14] . It is also permissible to use municipal sewage sludge in cultivation of cereals while preserving the acceptable content of heavy metals in this waste and maintaining sanitary safety [2, 15] .
Sludge coming from rural sewage treatment plants that receive mainly domestic wastewater can be useful in cultivation of cereals intended for consumption, feed or energy purposes. As a rule, municipal sewage from rural sewage systems is not burdened with chemical contaminants, and after purification, the obtained sewage sludge will be "pure" in terms of heavy metals and not burdened with microbiological contaminants [16, 17] .
The use of municipal sewage sludge in cultivation of cereals provides a possibility to recover nutrients from this waste. In addition, sewage sludge from rural sewage treatment plants can be an alternative for natural fertilizers [18] . In addition, application of sewage sludge improves soil chemical properties by, among other things, increasing the content of organic matter, available macroelements [19, 20] .
The aim of the research was to assess the effect of municipal sewage sludge on soil chemical properties as well as on chemical composition of spring wheat. The conducted field experiment was also supposed to reflect in a tangible way the effect of this waste on the chemical composition of spring wheat biomass. The aim of the research was reached under field experiment conditions because research conducted in this way most faithfully reflects natural conditions under which processes of chemical changes and mineralization take place, and these processes affect chemical composition of plants. Also for cognitive purposes, this paper presents the ratios between elements present in spring wheat fertilized with mineral fertilizers and sewage sludge.
Materials and methods
The research was conducted on two production fields (1 ha each), in a plant production farm. The research was conducted in the commune Iwanowice located in the Malopolska province, in southern Poland.
Soil and municipal sewage sludge
Basic physicochemical properties of the soil prior to setting up the field experiment and of municipal sewage sludge are provided in Table 1 .
The soil on which the field experiment was set up was classified into brown soils, and in terms of granulometric composition -into silt [21] . The soil reaction was slightly acid, and organic carbon content in the soil did not deviate from average values for cultivated soils [22] . The content of available forms of P, K and Mg in the soil was at a medium level. Heavy metal content in the cultivable soil did not exceed acceptable values at agricultural use of municipal sewage sludge, and it was below acceptable values specified in standards for soil quality and ground quality standards [15, 23, 24] . Municipal sewage sludge, as organic waste with catalogue number 190805 came from the sewage treatment plant in the commune of Iwanowice [25] . The sewage sludge was stabilized (aerobic stabilization) and hygienised with burnt lime. The content of heavy metals in the municipal sewage sludge did not exceed acceptable values at its agricultural use ( Table 1 ). No Salmonella bacteria or live eggs of intestinal parasites were detected in the used municipal sewage sludge [15] .
Scheme and conditions of conducting the field experiment
The experimental design comprised two treatments. In the control treatment (1), only mineral fertilization in the amount of 150 : 70 : 150 kg NPK/ha was applied. Nitrogen was applied in the following doses: 60 kg/ha pre-sowing + 60 kg/ha at the beginning of stem elongation (BBCH 31) + 30 kg/ha at the beginning of heading (BBCH 51). Nitrogen fertilizer was applied in the form of ammonium nitrate (34 % N), phosphorus fertilizer -in the form of triple superphosphate (46 % P 2 O 5 ), and potassium -in the form of potassium salt (50 % K 2 O). Mineral fertilization with PK was applied in autumn, before pre-winter plowing.
In the treatment with sludge (2), municipal sewage sludge was applied in a dose of 23 Mg/ha of fresh matter, which corresponded to 4.21 Mg/ha d.m.
The municipal sewage sludge was applied once on the surface of the experimental plot, then mixed with a soil layer at the depth of 25 cm. The municipal sewage sludge was distributed in the autumn with a manure spreader, and then pre-winter plowing was done.
In total, 150.68 kg nitrogen, 63.14 kg phosphorus, and 9.68 kg/ha potassium were introduced to the soil with the dose of 23 Mg of fresh matter. The amount of municipal sewage sludge applied under spring wheat corresponded with the nitrogen requirement.
It is assumed that utilization of nitrogen from municipal sewage sludge by cultivated plants amounts to approximately 60 % in the first year. That is why, aside from fertilization with sewage sludge, supplementary mineral fertilization should be applied [26] . It was assumed that nitrogen use by spring wheat from this waste would be approximately 90 kg/ha, therefore in the treatment with sludge (2) mineral nitrogen fertilization was supplemented to the level used in the control treatment (1) . Nitrogen was also applied in three doses: 20 kg/ha pre-sowing + 20 kg/ha at the beginning of stem elongation (BBCH 31) + 20 kg/ha at the beginning of heading (BBCH 51). It was also assumed in the experiment that utilization of P and K from sewage sludge would be at the level of 30 %. That is why in the treatment with sludge (2), mineral fertilization was supplemented with these macroelements to the level used in the control treatment (1) .
"Banti" cultivar spring wheat was sown in the spring (third decade of March), at a density of 500 germinating grains per 1 m 2 . Spring rape was the forecrop for spring wheat. During vegetation, Chwastox Extra 300 SL was used for weed control, Alfamor 050 SC for pest control, and Alert 375 SC was used for disease control. Pesticides were applied in accordance with manufacturer's instructions. Spring wheat was harvested in a single stage, at full maturity, in the third decade of August.
Methods of determinations
Samples of plant and soil material from 4 random areas (each covering 15 m 2 ) were collected from each production field (control -1, and treatment with sewage sludge -2). Soil samples were collected from a 0-25 cm layer.
Once the spring wheat was collected, the plant material was dried in a forced air circulation dryer at 105 °C, according to the widely adopted methodology of chemical-agricultural analysis. After drying, the yield of air-dry plant material was determined and expressed in Mg/ha d.m. The plant samples were then subjected to dry mineralization in a muffle furnace at 600 °C. The content of macronutrients (P, K, Na, Mg, Ca) from plant ash was dissolved in 1 mol HCl and transferred to 50 cm 3 volumetric flasks [27] .
The soil material was dried in a forced air circulation dryer at 70 °C. After drying, pH was determined in the soil material, by potentiometric method in distilled water, in 1 mol/dm 3 KCl; organic carbon -by Tiurin method; available phosphorus and potassiumby Egner-Riehm method; and available magnesium -by Schachtschabel method. The total content of macronutrients (P, K, Na, Mg, Ca) in the soil was extracted in a mixture of concentrated acids: HNO 3 and HClO 4 (3:2, v/v). After mineralization of the plant and soil material, the content of the macronutrients was determined using ICP-AES spectrometer [28] . The content of total N in the plant and soil material was determined by Kjeldahl method.
Quality control of analyses
Determination in each of the studied samples was done in triplicate. The accuracy of the analytical method was verified against certified reference materials and standard solutions: BCR-129 -Hay Powder (IRMM -Institute for Reference Materials and Measurements).
Computations and statistical analysis of the results
The following parameters were assumed as the basis for determining the uptake of macronutrients by spring wheat:
• content of macronutrients in grain and straw C;
• uptake of macronutrients U, by wheat -calculated as a product of dry matter yield Y and the content C of the element, according to the formula: = • (1) This paper presents the balance B of macroelements, which was calculated from the difference between the amount of macroelements applied, A with the dose of mineral fertilizers and sewage sludge, and the amount of macroelements uptaken with plant yield. The uptake was calculated according to the formula:
= −
(2) The simplified balance did not take into account the inflow of macroelements with precipitation or leaching of these elements deep into the soil profile. Phytoremediation of macroelements presented in the balance is the percentage share of the uptake of these elements in relation to the amount of elements introduced to soil along with mineral fertilizers and sewage sludge.
This paper also presents quantitative ratios between the studied nutrients in spring wheat biomass. Ca : P, Ca : Mg, K : Na mass ratios, as well as K : (Ca+Mg), K : Mg and K : Ca equivalent ratios were calculated.
The statistical analysis of the research results was carried out using a Microsoft Office Excel 2007 spreadsheet and Statistica version 12 PL software package. The statistical assessment of variability of results was carried out using single-factor analysis of variance, separately for grain and straw. Significance of differences between mean values was verified using t-Student test at a significance level of α ≤ 0.05. For selected parameters (ratios), the value of Pearson's linear correlation coefficient r was computed, at a significance level of p < 0.05. The maximum 5 % dispersion between measurements in chemical analysis was adopted.
Results and discussion
Under the influence of microorganisms, chemical compounds introduced to the soil with sewage sludge undergo complex processes: mineralization, sorption, immobilization, nitrification, denitrification, volatilization into the atmosphere, uptake by plants, and leaching into the soil profile [19, 20, 29] . The use of municipal sewage sludge in agriculture contributes to the improvement of soil chemical properties and to the increase in yield of cultivated plants [2, 18] .
Soil chemical properties
There was no difference in the impact of mineral fertilization (in a dose of 150 : 70 : 150 kg NPK/ha) and sewage sludge application (in a dose of 23 Mg/ha fresh matter) on soil properties ( Table 2 ). The field experiment with spring wheat showed that application of municipal sewage sludge did not have an effect on soil pH. Other authors' studies [19, 26] have confirmed that sewage sludge does not always influence soil pH. Municipal sewage sludge applied in the experiment was alkaline, its pH was 9.14, and with the dose of 23 Mg of fresh matter more than 313 kg/ha calcium was introduced to the soil. Introduction of this alkaline element might have compensated soil acidification that was a result of, among other things, intensive mineralization of sewage sludge organic matter. As it was stated by Cukjati et al. [30] , using organic waste in the form of sewage sludge and composts introduces organic substance and nitrogen to the soil, which favors the improvement of soil chemical properties. Our research did not show any differences in organic carbon content, total nitrogen content or in the value of C : N ratio in soil with only mineral fertilization and with sewage sludge application. The applied municipal sewage sludge contained over 33, 5, 5, 3-fold more total P, Na, Ca, and Mg, respectively, compared with the content in the soil (Table 1) . Only total K content in the soil was over 3-fold higher than in the sewage sludge. The field experiment showed that application of mineral fertilization and municipal sewage sludge had statistically the same effect on the content of available P, K and Mg in the soil (Table 2) . At the same time, the soil of both fertilizer treatments had a slightly higher content of available P and K than the soil prior to setting up the field experiment. Sewage sludge is a potential source of nutrients [31, 32] , which may translate into an increase in the content of available macronutrients in soil after sewage sludge application. From the basic nutrients present in sewage sludge, phosphorus is the best absorbed by soil, whereas potassium -the least. The content of available phosphorus in soil is a factor that depends on soil reaction. In soil with pH below 6, aluminum and iron phosphate (which are not readily available for plants) are formed, and at pH above 7.5 -non-available calcium phosphates are formed [33] . This research did not show that soil reaction was favorable for a significant increase in the amount of available phosphorus in soil.
Spring wheat yield
Mineral fertilization and fertilization with sewage sludge (treatment 2) had a beneficial effect on spring wheat yield. Grain and straw yield from the control treatment (1) amounted to 4.36 and 5.22 Mg/ha, respectively (Table 3 ). Grain and straw yield from the treatment where municipal sewage sludge and supplementary mineral fertilization had been applied amounted to 4.56 and 5.59 Mg/ha, respectively. The research shows that spring wheat yield in the treatment fertilized with sewage sludge was much higher than in the control. The obtained difference in grain and straw yield between treatments amounted to 5 and 7 %. The effect of mineral and organic fertilization on wheat yielding had been confirmed in earlier studies [26, 34, 35] . The applied sewage sludge did not improve soil chemical properties but indirectly increased spring wheat yield. Other studies have shown that organic fertilization does not always improve the amount of yield of cultivated plants [36] . In the study by Deeks et al. [18] , it was shown that mineral fertilization increased spring wheat yield compared with organic-mineral fertilization. 
Content of macroelements in spring wheat
Agricultural use of sewage sludge consists in using it for soil fertilization and supplying plants with nutrients [2] . The content of macronutrients in spring wheat fertilized with mineral fertilizers and sewage sludge is provided in Table 3 . These data indicate that, regardless of fertilization treatment, there was more N, P and Mg in wheat grain than in straw, while there was more K, Na and Ca in straw than in grain. Studies by Hamner et al. [37] confirm that more N, P and Mg is accumulated in grains of cereals than in straw. Studies by Matraszek et al. [38] as well as Doltra et al. [39] also confirm that cereal straw contains more K and Na, and when this plant part is intended for energy purposes, the above-mentioned elements can accelerate corrosion of biomass burning boilers [40] .
The municipal sewage sludge applied in a dose of 23 Mg/ha of fresh matter increased the spring wheat biomass yield, which caused dilution of macronutrients in this plant. The dilution led to a significant decrease in the content of N, P, K, Na, Mg and Ca in grain and straw of spring wheat. The decrease in content of the above-mentioned macronutrients in grain was, respectively, over 12, 7, 8, 10, 9, 16 % in relation to the control treatment. The decrease in the content of N, P, K, Na, Mg and Ca was observed in spring wheat straw too, and it was, respectively, over 20, 24, 8, 10, 9, 10 % in relation to the control treatment. Other authors' studies [26, 41] confirm that sewage sludge increases yield and reduces the content of macronutrients in cultivated and energy plants.
The field experiment also showed close relationships between spring wheat yield and the content of N, P, Mg and Ca in grain and straw of this plant (r = 0.7205-0.9108).
Chemical composition of plants is an important index of yield quality [37, 38] . It is assumed that good quality feed should contain approximately 7-18 g N, 1.7-4.5 g P, 6.0-12 g K, 2-8 g Ca, 1-2.5 g Mg, and 1.5-2.5 g Na/kg d.m. [42, 43] . While estimating feed value of spring wheat cultivated on the sewage sludge, it was established that content P, Na, Mg and Ca in grain was within the optimal value range, whereas the content of K was lower than optimal. The research shows that municipal sewage sludge did not worsen the quality of the chemical composition of spring wheat grain, which has been confirmed in studies by Gondek [26] and other authors [44] .
Uptake of macronutrients by spring wheat
The research revealed that spring wheat grain took up more N, P, Mg compared with straw, whereas straw took up more K, Na and Ca ( Table 3 ). Application of municipal sewage sludge significantly increased P uptake by grain, and Na and Mg uptake by spring wheat straw.
Uptake of N, P, K, Na and Mg by spring wheat grain obtained in the treatment fertilized with sewage sludge was higher by over 4, 11, 9, 6, 8 %, respectively, compared to the control. Fertilization with sewage sludge significantly increased Na and Mg uptake by spring wheat straw; that increase reached, respectively, over 10 and 11 % in relation to the control treatment. Other authors' studies [44] have shown that mineralization of sewage sludge lasts so long that even during grain formation plants can take up nutrients (from decomposition) from soil.
In terms of quantity of macronutrients taken up by grain in the control treatment (which was fertilized only with mineral fertilizers), the series is as follows: N > P > K > Ca > Mg > Na. In the treatment fertilized with sewage sludge, that series changed due to the amount of Mg uptake: N > P > K > Mg > Ca > Na. The presented series show that from the studied macronutrients grain accumulated the highest amount of N, and the lowest amount of Na. Spring wheat straw, harvested from the treatment fertilized with sewage sludge, took up most K, followed by N > Ca > Na > P > Mg.
In the treatment fertilized with sewage sludge (treatment 2), it was established that the percentage of the uptake of N, P, Mg by spring wheat grain in the total yield was, respectively, 77, 74, 59 %. The percentage of the uptake of K, Na and Ca by spring wheat straw in the total yield reached, respectively, 73, 56, 69 %. The research shows that spring wheat grain takes up mainly N, P and Mg, whereas straw -K, Na and Ca. Other authors' studies confirm that cereal straw can be an effective organ responsible for the uptake (phytoextraction) of alkaline constituents [10] .
Taking into account the total uptake of macronutrients by grain and straw, it was established that spring wheat cultivated on sewage sludge took up more of the studied macronutrients compared with the control treatment. Studies by Gondek [26] , Gilbert et al. [41] and Guedes et al. [32] confirm that sewage sludge is a valuable source of macronutrients.
Strong relationships between plant yield and the uptake of P, K, Mg by spring wheat grain (r = 0.7094-0.9043) as well as the uptake of K, Na, Mg and Ca by spring wheat straw (r = 0.7750-0.9291) were also shown in the experiment. The above correlations have a significant importance in the quality of biomass intended for phytoremediation or energy purposes.
Simplified balance and utilization of macronutrients
When using municipal sewage sludge for fertilization of cultivated plants, we introduce macronutrients (which can be incorporated into biomass) to the environment. Understanding the cycling of macronutrients in the soil-plant system will allow for a better assessment of the risk connected with the use of these organic wastes in fertilization. This assessment can be done on an approximate basis, based on, among other things, the simplified balance of macroelements and based on their use (phytoremediation). Earlier studies by Antonkiewicz et al. [9] as well as by Bien et al. [16] confirm the need to understand the cycling and the use (recycling) of elements from organic waste.
The effect of macronutrient balance was determined by the dose of mineral fertilizer and sewage sludge (the amount of nutrients introduced) and by total macronutrient uptake with the yield of spring wheat biomass (Table 4 ). N, P and K balance in the control treatment where only mineral fertilization was applied was positive, and Na, Mg and Ca balance was negative. The positive N, P and K balance resulted from the influx of these elements with mineral fertilizers, whereas the negative Na, Mg and Ca balance was due to lack of influx of these macronutrients with fertilizers and simultaneous uptake by plants. Application of municipal sewage sludge with mineral fertilizers (treatment 2) had an effect on N, P, K, Mg and Ca balance (positive balance), and on the Na balance (negative balance). The positive macronutrient balance (N, P, K, Mg and Ca) resulted from a higher amount of nutrients introduced with fertilizers compared with the amounts taken up with spring wheat yield. It is important to highlight that the high positive balance for N, P and K indicates that the applied fertilization was too high in relation to wheat nutritional demands and may pose a risk to the environment (e.g. high outflow of N and P from agricultural sources contributes to eutrophication of the environment). Table 2 Application of municipal sewage sludge slightly increased the use (phytoremediation) of macronutrients by spring wheat compared to the control treatment. This research proves that mineral fertilizers can be partially substituted with sewage sludge because recovery of these nutrients is comparable, which finds confirmation in other papers [6, 18] . Moreover, organic-mineral fertilizers guarantee a slow release of nutrients for cultivated plants, which leads to an increased nutrient use [18, 45] .
When comparing the percent use (phytoremediation) of macronutrients by spring wheat, regardless of treatment, the following order can be established (from the highest to the lowest value): N (over 80 %), Mg (over 63 %), K (over 40 %), P (over 34 %), Ca (9 %). The above series indicates that N was recovered by spring wheat to the greatest extent, and Ca -to the lowest extent. The obtained research results confirm that spring wheat uses nitrogen from mineral and organic fertilizers well [46] . Research conducted by Mayer et al. [36] confirms that organic fertilization increases the effectiveness of nitrogen use by cultivated plants, including wheat.
Ratios between elements in spring wheat grain and straw
Interrelationships between elements in plants constitute an important qualitative aspect for biomass yield [42] . In the case of application of municipal sewage sludge, there is a concern that this waste can affect the quality of plant chemical composition [26, 47] . In this research, regardless of the type of fertilization (treatment), spring wheat straw was observed to have significantly higher values of ratios between macronutrients in comparison with values in grain ( Table 5 ). A small range of variability of these ratios between macronutrients in grain and straw of spring wheat was noticed. The above analysis indicates that spring wheat grain and straw, obtained regardless of the type of fertilization (treatment), were characterized by stable proportions between these elements. Table 2 Application of municipal sewage sludge significantly decreased the value of Ca : P ratio in spring wheat grain compared to the control treatment. On the other hand the application of municipal sewage sludge significantly increased Ca : P ratio value in spring wheat straw. Application of sewage sludge did not cause a significant change in the values of Ca : Mg, K : Na, K : (Ca+Mg), K : Mg and K : Ca ratios in spring wheat grain and straw compared to the control treatment.
The experiment showed that Ca : P, Ca : Mg and K : Ca ratios in spring wheat grain were strongly correlated with Ca content in this part of the plant, whereas Ca : P ratio in straw was strictly correlated not only with Ca content, but also with N and P content in spring wheat straw.
The obtained chemical composition of biomass of spring wheat was evaluated based on criteria of the feed nutrient value, according to which the optimal ratios of Ca : P, Ca : Mg, K : Na, K : (Ca+Mg), K : Mg, K : Ca should amount to 2 : 1; 2-3 : 1; 10 : 1; 1.6-2.2 : 1; 6 : 1; 2 : 1, respectively [42, 48, 49] . When determining the chemical composition of spring wheat grain, it was established that the analyzed values of ratios between elements were below optimal values. In the case of straw it was also established that values of K : Na, K : (Ca+Mg), K : Mg and K : Ca ratios were below optimal. Only the values of Ca : P and Ca : Mg ratios in spring wheat straw were above optimal values. Research conducted by Gondek [26] confirms that application of municipal sewage sludge and other organic fertilizers did not have a significant effect on the value of K : Mg ratio in wheat grain, but the author observed significant changes in ratios between N : S and P : Zn due to organic fertilization. Other research [38] showed that the heavy metal treatment had a significant effect on the value of ratios between macroelements in wheat. Moreover, ratios between elements are of significant importance in the quality of biomass intended also for energy purposes [6, 50] .
Conclusions
The applied municipal sewage sludge in a dose of 23 Mg/ha fresh matter per hectare did not significantly change soil chemical properties. Application of municipal sewage sludge significantly increased biomass yield of spring wheat. Fertilization with sewage sludge significantly decreased macronutrient content in spring wheat grain and straw compared to the treatment fertilized only with mineral fertilizers. Application of municipal sewage sludge significantly increased P uptake by grain, and Na and Mg uptake by spring wheat straw. Utilization of N, Mg, K, P and Ca from municipal sewage sludge by spring wheat was at a level of over 82, 63, 44, 36, 9 %, respectively, of the amount introduced with the organic waste. Values of ratios between elements in spring wheat grain and straw were below optimal values. Only the values of Ca : P and Ca : Mg ratios in spring wheat straw were above optimal values. Municipal sewage sludge from rural sewage treatment plants can be used for fertilization of cereals, provided that environmental standards are kept.
